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ABSTRACT 
This paper focuses on the interaction of Outrigger-Belt Systems (OBS) with structural frames 
in high-rise buildings with composite columns caused by Differential Axial Shortening 
(DAS). The presence of OBS reduces the DAS in composite buildings significantly, but when 
used without belts aggravate the DAS problem. Current methods using results from elastic 
single step or staged construction reduce the accuracy of DAS predictions and result in either 
unsafe or over-conservative designs of OBS. For modern complex buildings, the 
comprehensive method used in this paper which incorporates all the influencing factors 
including the outrigger-belt-frame interactions provide more accurate results. Findings from 
the present study show that locations of OBS influence DAS considerably and can be used 
for minimising DAS. Delayed connection of outrigger walls to perimeter columns can 
mitigate the adverse effects of DAS, with a delay of 1-2 weeks resulting in significant 
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reductions in stresses developed due to DAS. Information generated in this paper will be 
useful for planning suitable methods for OBS analysis and to minimize adverse effects of 
DAS in composite high rise buildings. 
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Background 
The structural framing systems in high rise buildings, with either reinforced concrete (RC) or 
Concrete Filled Tube (CFT) columns are commonly coupled to the shear core using RC 
outrigger- belt systems for lateral load transfer due to wind and other extreme events (Tianyi 
and Tong 2007). Few examples of these buildings are the world’s tallest building, Burj 
Khalifa in Dubai, the building at 140 William Street, Melbourne and Waterfront place, 
Brisbane in Australia. An outrigger- belt system offers a unique combination of architectural 
flexibility and structural efficiency compared to tubular systems. The belt trusses tie the 
peripheral columns of the building while the outriggers connect them with the shear wall 
system and thereby improve the building overturning stiffness and strength (Fawzia and 
Fatima 2010).  
 
Generally, the critical load actions for outrigger-belt system design are obtained by 
conducting static elastic analysis with the factored combinations of dead, live and wind loads 
acting on the high rise building. These analyses do not consider the effects of differential 
shortenings (in vertical members) accurately. When axial shortenings of vertical elements 
occur due to time dependent phenomena of creep, shrinkage and elastic deformations, the 
outrigger-belt systems that link the core system to the column are displaced by differential 
movements which can result in high transfer stresses in the lateral resistance system. In some 
cases these transfer forces are believed to amount up to the forces generated by the applied 
design lateral loads (Choi et al. 2012). On the other hand it is important to consider this 
interaction in differential axial shortening quantifications (DAS) in a high rise building as this 
may change the axial shortening (AS) behaviour of the columns and shear walls considerably. 
The most common method currently used for this purpose is the post processing of axial 
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shortening results obtained by staged elastic static analysis to include the long term effects of 
creep and shrinkage. In this method the interaction of belt- outrigger system is considered 
only for the elastic deformations and the consequences of these simplifications need to be 
further investigated. 
 
The location of outrigger-belt system and time of connection of outrigger to perimeter 
columns (when delayed connection method is employed), are two parameters that can 
significantly affect the interaction of the outrigger-belt system with vertical elements 
undergoing DAS. This paper investigates the effects of these parameters using a 
comprehensive method which incorporates the influence of all the controlling factors 
including the outrigger-belt-frame interactions. The knowledge generated  from such an 
investigation will provide engineers some guidance on the following: (i) feasibility of 
changing and delaying the entire construction cycle times, (ii) using delayed connection of 
outrigger belt systems and planning connection times to minimise the risk of adverse lateral 
loading events that could occur during construction and (iii) determining the need for or 
effectiveness of detailed control measures such as sliding friction joints at the intersection of 
the walls as used in the Water Front Place in Brisbane, Australia or damped outriggers 
developed by ARUP (Choi et al. 2012) or simply (iv) design the outrigger and belt systems to 
the combined effects of lateral loads and differential axial shortening while designing the 
structural frame system for possible load redistributions. 
 
Methodology 
CFT high rise building with different lateral load resisting systems 
Different structural systems are used for high rise buildings depending on the number of 
floors and loading. A survey conducted by researchers (Tianyi and Tong 2007) on existing 
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medium- to high-rise buildings shows that for buildings ranging from 20 to 60 stories, shear 
wall structure is the most commonly used, while shear wall with outrigger structure is the 
mostly used for buildings in the range of 40 to 80 stories. Therefore, a 60 storey high rise 
CFT building structure with these two structural systems is chosen in this study. The 
elevations of the building with shear wall and outrigger-belt system is shown in Figure 1. 
Previous researchers have determined the optimal locations of outrigger systems for the 
purpose of minimising lateral drift under wind loading and have provided a rule of thumb for 
the location to be at 1/3 and 2/3 heights in a high rise building (Taranath 2009). Complying 
with this recommendation two levels of outriggers are placed at floor levels 19-21 and 39-41 
which are two floors in height.  The floor to floor height is 4 m. 
 
Sizes of the structural components are presented in Tables 1 and 2. The thicknesses of shear 
walls were determined while maintaining the axial stress ratio between shear wall and 
columns to be between 0.2 and 0.5 as observed by Tianyi and Tong (2007) in their survey on 
existing buildings. The reinforcement content of the walls is 3% of the cross sectional area. 
80 MPa concrete (note this is the mean compressive strength at 28 days based on cylinder 
strength and not the characteristic strength) has been used for columns, outrigger and belt 
systems, 65 MPa concrete was used for the walls and 40 MPa concrete was used for the floor 
plates (thickness -200 mm). 
 
The analyses were conducted incorporating the influences of the self-weight, superimposed 
dead load (1.8 kPa) and construction live load (2.0 kPa). Environmental conditions 
considered were 50% humidity and 30⁰C temperature. A finite element model was developed 
for the structural framing system as shown in Figure 1(a). In this model, the columns and 
beams were modelled using beam (BEAM188) elements while the RC shear core walls, slabs 
and the outrigger- belt system were modelled using shell elements (SHELL181). This FEM 
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model consisted of 109680 line elements and 1520000 Shell elements which were selected 
based on the mesh convergence study. To simulate the effect of steel, direct generation 
method of elements was utilised in the pre-processing stage to generate two elements sharing 
common two end nodes, one element representing concrete core and the other the steel tube.  
 
The uni-axial state of concrete creep sufficiently describes the behaviour of concrete in CFT 
under service loads of structures. This is evident by the recommendations of Geng et al. 
(2012), Neville (1995) and Shanmugam and Lakshmi (2001) who confirmed that Poisson’s 
ratio of concrete starts to exceed that of steel only when the concrete stress level exceeds 
0.75fcm28. This is additionally supported by studies on concrete creep Poisson’s ratio by Kim 
et al (Kim et al. 2006). Therefore, the effect of confinement is not considered in this study for 
AS quantifications. Also in modelling CFT columns, the contact between the concrete and 
steel is considered as fully bonded. This was done according to the observations of Uy (2001) 
and Kwon et al. (2005) who measured the strains on both steel tube and internal concrete of 
CFT columns when the load is applied both on concrete and steel tube simultaneously and 
found no significant differences between these two. The columns in high rise buildings are 
also under similar loading situation and therefore the bond slip behaviour is negligible. 
 
This study applies a comprehensive procedure to predict the differential axial shortenings 
(DAS) in a CFT high rise building previously developed by the authors. The procedure 
includes the effects of reinforcement, time dependent material properties, construction 
sequence with concrete levelling effects and interaction of outrigger- belt system with the 
structural frame and therefore will provide accurate predictions. It uses the available material 
models in Euro Code 2 (BSI 2004) and knowledge on individual element behaviour for CFT, 
along with the finite element package ANSYS. The creep calculation is based on the Age 
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Adjusted Effective Modulus (AAEM) method developed by Bazant (Bazant and Baweja 
2000) which includes the effects of aging of concrete and can be applied to the analysis of 
high rise building accurately with limited computational demand.  
 
Time dependent material behaviour 
The present procedure incorporates the time dependent material behaviour including Young’s 
modulus, creep and shrinkage of concrete as recommended by Eurocode 2 (EC2). The 
following equations present the time dependent Young’s modulus of elasticity  tEcm  of 
concrete. 
𝐸𝑐𝑚(𝑡) = (𝑓𝑐𝑚(𝑡)/𝑓𝑐𝑚28)
0.3. 𝐸𝑐𝑚28                                                                  (1) 
(𝑓𝑐𝑚(𝑡)/𝑓𝑐𝑚28) = 𝛽𝑐𝑐(𝑡) = 𝑒𝑥𝑝⁡{𝑠[1 − (28/𝑡)
0.5]}                                                      (2) 
 where 28cmf  is the mean compressive strength of concrete based on the cylinder strength at 28 
days, )(tfcm is the compressive strength at any time “t”, 28cmE  is the Young’s modulus of 
elasticity in 28 days and s is a coefficient to incorporate the effect of cement type.  
In the creep calculation, time-dependent concrete behaviour is modelled by age adjusted 
effective modulus method developed by Bazant (Bazant and Baweja 2000). The age adjusted 
effective modulus;⁡𝐸𝑒̅̅ ̅̅ (𝑡, 𝑡0) at any time t for first loading at t0, is expressed by Equation (3). 
The aging coefficient,⁡𝜒(𝑡, 𝑡0) as defined by Bazant is given in Equation (4), relaxation 
function 𝑅(𝑡, 𝑡0) in Equation (5) and the compliance function 𝐽(𝑡, 𝑡0)⁡according to EC2 in 
Equation (6). 
𝐸𝑒̅̅ ̅(𝑡, 𝑡0) = 𝐸𝑐(𝑡0)/[1 + 𝜒(𝑡, 𝑡0)⁡𝜙(𝑡, 𝑡0)]⁡⁡           (3) 
𝜒(𝑡, 𝑡0) = 𝐸(𝑡0)/[𝐸(𝑡0) − 𝑅(𝑡, 𝑡0)] − 1/⁡𝜙(𝑡, 𝑡0)          (4) 
𝑅(𝑡, 𝑡0) = 0.992/𝐽(𝑡, 𝑡0) − (0.115/𝐽0)[(𝐽(𝑡0 + 𝜉, 𝑡0)/𝐽(𝑡, 𝑡 − 𝜉)) − 1]   (5) 
𝐽(𝑡, 𝑡0) = 1/𝐸𝑐(𝑡0) + ∅(𝑡, 𝑡0)/(1.05 × 𝐸𝑐𝑖)    (6) 
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In the above equations, t0 is the time of first loading in days, 𝐸𝑐(𝑡0) is the Young’s modulus 
of elasticity at the time of first loading, 𝜙(𝑡, 𝑡0) is the creep coefficient from EC2 as 
presented  below in Equation (7), 𝐸𝑐𝑖 = 𝐸𝑐0[𝑓𝑐𝑚28/𝑓𝑐𝑚0]
0.3,𝐸𝑐0 = 2.2 × 10
4, 𝑓𝑐𝑚0 = 10,⁡𝜉 =
(𝑡 − 𝑡0)/2⁡and⁡𝐽0 = 𝐽(𝜉 + 𝑡0, 𝜉 + 𝑡0 − 1).⁡ 
 
The creep coefficient; ),( 0tt as obtained from EC2 recommendation is influenced by relative 
humidity, concrete strength and concrete age at loading and is given in Equation (7). The 
factors
RH , )( 28cmf  and )( 0t incorporate the above effects respectively to the function of 
creep development⁡𝛽(𝑡 − 𝑡0). 
  
                                                                        (7) 
 
This creep material model and the calculation algorithm are included in the analysis through 
the MPCHG command in ANSYS finite element code. During construction and service 
stages, the Young’s Modulus of concrete is replaced by the relevant age adjusted effective 
modulus to include the long term time dependent effects at each time step. 
 
The shrinkage material model is included as an equivalent thermal load. Concrete shrinkage 
comprises of two components drying  tcd and autogenous  tca . The drying shrinkage 
component can be represented as in Equation (8) below, while the autogenous shrinkage is 
defined as in Equation (9).   
    0,, cdhsdscd kttt                     (8) 
  )()(  caasca tt                (9) 
)()()(),( 00280 tttftt cmRH  
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In drying shrinkage, the basic shrinkage strain, 0,cd is modified with hk , a coefficient 
depending on the notional size h0 and the time function for drying shrinkage,  sds tt, . 
Whereas in autogenous shrinkage, )(ca and )( jas   are the basic autogenous shrinkage 
strain and the time function for shrinkage development respectively. Further information on 
these material properties can be obtained from Euro code2 (BSI 2004). 
 
In the present study an infinite value for the hypothetical thickness or notional size of the 
CFT components is used in order to eliminate the influence of the drying component in both 
shrinkage and creep on the axial shortening of CFT. Also, the relative humidity has been 
considered as 100% for CFT columns to account for the non-exposure of the concrete to the 
outer environment due to the presence of the outer steel tube. 
 
Simulation of staged construction and concrete levelling during construction 
 
“Birth and Death of elements” option with geometric nonlinearity available in ANSYS was 
utilised to simulate these construction stages accurately. The simulation of construction 
sequence was carried out according to the following steps. Initially the complete building 
model was developed including all loading. At the beginning of the analysis phase, all 
components of the system were killed (or deactivated) and all degrees of freedom (DOF) of 
these floating elements were fixed. The structural components were then gradually added 
(activated) according to the construction sequence of 7 days a floor simulating the stiffness 
and the self-weight variation during construction while the relevant DOFs were released. The 
shear core walls were constructed three storeys ahead of the structural frame. To achieve the 
"element death" effect in the ANSYS program, the stiffness of the structural components is 
multiplied by a very high reduction factor. Element loads associated with deactivated 
elements are zeroed (removed) out of the load vector. An element's strain is also set to zero 
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when an element is killed. Similarly when an element is reactivated, all these return to their 
full original values. In addition, elements are reactivated with no record of strain history 
(ANSYS Inc. 2010). 
 
The concrete levelling effect has been incorporated into the analysis based on the concept 
illustrated in Figure 2. The emphasis was given to keep the storey level at the correct 
elevation rather than maintaining the height of the columns. At construction of the 1
st
 floor, it 
was activated at the original level indicated by the dotted line and after formwork removal the 
columns and the shear wall settle by δu and δv respectively. Therefore, when the second floor 
is constructed the slab will be at 2
nd
 level indicated in the figure and the initial geometry of 
the second storey column is changed to have a length of L+δu at element activation and 
similarly for the shear wall at the second storey level, the initial geometry at activation is 
changed to have a height of L+ δv. 
 
Validation of the numerical procedure 
The modelling techniques are validated using experimental data published by Morino et al. 
(1996) and Kwon et al. (2005) on the axial shortening of CFT columns. The geometry and 
material properties of the CFT columns used in the experiments are tabulated in Table 3. 
Further details of the experiment are given in Morino et al. (1996) and Kwon et al. (2005). 
 
Figures 3 (a) and (b) depict a comparison of axial deformations of the CFT column predicted 
by the comprehensive method used in this study and the experimental results. It is evident 
that the two sets of results have a very good agreement and highlight the accuracy of the 
procedure developed. Geng et al. (2012) who also used EC2 material models for creep and 
shrinkage, obtained results which agreed well with those of  Morino et al. (1996). 
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The comparison of the predicted and experimental stress variations in concrete and steel with 
time is shown in Figure 4(a). Morino et al. (1996) observed a 40% increase in steel stress and 
34% decrease in the concrete stress at the end of 200 days from the first loading and these 
results agreed very well with those predicted by the present research. Numerical predictions 
for column specimen in Kwon et al. (2005) as shown in Figure 4(b) indicate a 28% stress 
increase in steel stress and a 22% decrease in the concrete stress by the end of 70 days. These 
findings display the importance of understanding the effects of DAS on structural elements.                                     
                         
Effect of outrigger-belt system on DAS in a high rise building  
Effect of presence of outrigger-belt system 
When outrigger-belt systems are present, a high rise building becomes a very dynamic system 
in terms of load paths and load redistributions as time dependent DASs between structural 
frame elements take place. The 60 storey CFT building and the techniques described are used 
to investigate the effects from the presence of belt-outrigger systems on DAS development in 
a high rise building. Cases 1-2 represent the building with shear wall and outrigger system 
with and without belt walls respectively, while Case 3 is the building with shear wall 
structural system. The FE models of the building for all three cases are shown in Figure 5.  
 
The axial shortenings of Columns A and C and shear wall at point B (see Figure 1b) at the 
end of construction and at 4500 days after start of construction for all three cases are 
presented in Figures 6 to 8 for comparison. As evident in Figure 6, at the end of construction 
(441 days) Column A reached a maximum axial shortening of 42.16 mm at floor level 31 and 
the shear wall reached a maximum of 30.97 mm at level 34 for Case 1. However, with time 
due to the accumulating effects of creep and shrinkage of the floors below, these maximum 
values shifted to 59.6 mm at floor 48 for CFT column A and to 51.19 mm at floor level 46 for 
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shear wall by the end of 4500 days (from construction commencement). Column C displayed 
similar trends. In this building, the axial shortenings of columns and shear walls are similar in 
magnitudes at the outrigger-belt levels 19-21 and 39-41 due to controlling effect of these stiff 
horizontal elements. 
 
In Case 2, the AS of Column C is higher than that of Column A and shear wall point B at 
every floor level at the end of construction as evident in Figure 7(a) which is different to what 
was observed for Case 1. Both Column A and Shear wall B have similar AS values at the 
bottom and top outrigger levels due to the mitigation of DAS in the connected elements by 
the outrigger. The reason for Column A having lesser AS compared to Column C is the load 
transfer occurring from Column A through the outrigger into the shear wall during this time 
up to end of construction and therefore Column C which is not connected to outrigger is 
under higher axial loads than Column A during this time. However, after building top-up, the 
rate of AS development in shear wall has overtaken that of Column A. Characteristically, 
CFT columns undergo lower creep and shrinkage strains and these strains develop more 
rapidly to the final stagnant values than RC components. Therefore the difference in AS 
between the columns reduces as evident in Figure 7(b) which shows the AS values of all 
three elements at the end of 4500 days (after start of construction). In this case, Column C 
undergoes a maximum of 25% higher AS at the end of construction and 7% higher AS by the 
end of 4500 days than that in Case 1.   
 
In Case 3, due to the absence of any rigid horizontal elements connecting these two columns 
and the shear wall, there is no load migration with time. Therefore, the columns having 
higher tributary areas than the shear walls undergo higher AS as shown in Figure 8. However, 
by 4500 days (from start of construction) the shear walls undergo AS at a higher rate than the 
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columns and the gap between the AS of columns and shear wall has reduced as evident in 
Figure 8(b). The shear wall undergoes high AS than the column at the top 3 storeys by 4500 
days similar to the other two cases. In this case, Columns A and C have 77% and 68% higher 
axial shortenings respectively by the end of construction than those in Case 1. The shear 
walls on the other hand have experienced maximum reductions of 21% in AS at the end of 
construction and 5% AS by the end of 4500 days, respectively compared to those experienced 
in Case 1.  
 
The DASs between the columns A and C as well as between Column A and the shear wall at 
point B are given in Figure 9 and Figure 10 for all three cases. As indicated in Figure 9, the 
DAS between Columns A and C is highest for Case 2 with a maximum of 18.14 mm at floor 
level 41 at the end of construction. This is due to the load migration occurring only between 
Column A and shear wall through the outrigger walls and therefore resulting in higher AS in 
Column C which is not connected by any walls to the other load bearing elements. Case 1 
where the outrigger-belt system was incorporated in the building had the lowest DAS 
between the two columns. The DAS between Column A and shear wall on the other hand was 
a maximum for Case 3 with a value of 19.33 mm at the end of construction at floor level 34 
due to the absence of the outrigger-belt system. The other two cases had similar DAS 
between Column A and shear wall since both cases had outriggers connecting these elements. 
Similar trends are observed for these DAS values at the end of 4500 days (from start of 
construction) as seen in Figure 10. 
 
Overall, the introduction of only the outrigger walls without the belt system (Case 2) in a 
CFT high rise building aggravates the problem of DAS between the Column A connected to 
the shear core and Column C not connected to shear wall, as evident in Figure 9(a).  But in 
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this case the DAS between the perimeter Column A and the shear wall is reduced as evident 
in Figure 9(b). The presence of outrigger-belt system in a building (Case 1) significantly 
reduces the DAS between the vertical load bearing components compared to those in a 
similar building without this structural system (Case 3) as observed and discussed in Figures 
9(a) and (b). Therefore, using the outrigger-belt system to control DAS in addition to its main 
purpose of lateral load resistance in a high rise building may be feasible on a case by case 
basis. 
 
Effect of location of outrigger-belt system 
Generally when two outriggers are used, the optimum locations are one third and two third 
heights in a high rise building under the possible lateral loading cases. These locations are 
changed up to ±8% along the height of the building to investigate the effect of outrigger-belt 
location on the DAS in a CFT building. This is used to understand the feasibility of using 
outrigger- belt system to control the DAS by slight modifications to its location. Table 4 
tabulates the different cases of outrigger-belt system locations considered.  
 
Figures 11 and 12 depict the DAS between the Columns A and C and between Column A and 
Shear wall when both outrigger levels are moved up together from their position of 1/3 and 
2/3 height in the original building. Moving the outrigger-belt system up the building height in 
this case results in an increase in both these DAS values below the bottom outrigger level and 
a reduction in these DAS values above the top outrigger level, ie, there is a reversal of DAS 
trends below and above the outrigger levels. No significant change in the DAS in the section 
between the two outriggers was observed. The locations of the maximum DAS values in all 
three of these sections however moved up the building when the outrigger-belt system was 
moved up the building height. Therefore, the location of outrigger which results in the 
minimum DAS values is the one which balances the DAS in the top and bottom most 
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sections. In this building, Case 3 and 4 are both preferable candidates. These cases resulted in 
a maximum decrease of 25% in the maximum DAS value in the building. 
 
Similarly, Figures 13 and 14 depict these DAS values in the building when both outrigger-
belt levels are moved down the height of the building. As evident from these Figures, the 
DAS values in the lower part of the building (i.e. below the out-rigger belt systems) decrease 
while that in the upper part (i.e. above the outrigger-belt systems) increase. The DAS values 
seem to move further away from the balanced state of the DAS values in the top most and 
bottom most sections. Therefore, these cases may not be the best locations in terms of DAS 
control. 
 
In general, a change of ±8% in the location of the outrigger-belt system can result in a change 
of about 25% in the maximum DAS values. This indicates the possibility of using the 
location of outrigger-belt system to reduce DAS. However with the priority given to lateral 
load resistance, this change required for DAS control should be checked with the acceptable 
variation from the optimum location for lateral loading. Also the outrigger stresses due to this 
control have to be quantified and these elements should be designed for these additional 
stresses. In some instances this may be a better solution than those in which the whole of the 
construction cycle time is changed or complicated joints and mechanisms are introduced at 
outrigger connections. 
 
Evaluating consequences of simplifications in current analysis methods to incorporate 
interaction of outrigger-belt system with structural frame undergoing DAS 
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The common method currently used by engineers to include effect of outrigger-belt on DAS 
in a high rise building is to first conduct linear elastic static analysis with or without 
considering the construction sequence and then post process these AS values to include creep 
and shrinkage deformations. On the other hand an outrigger- belt system is designed for the 
moments and shear forces obtained by linear elastic analysis under the critical combinations 
of static loading including load factors. Commonly, construction sequence is not considered 
in this analysis. Nowadays with construction of buildings taking place at a rapid phase, the 
DAS behaviour significantly depends on the construction sequence. Therefore this 
simplification of omitting the influence of construction sequence and concrete levelling in 
their modelling could end up in conservative or non-conservative designs both of which 
could have some cost in terms of money or safety. The consequences of these simplifications 
are investigated and discussed next.  
 
Including effect of Outrigger-belt system on DAS only for elastic deformations: The post 
processing method to include long term deformations 
A FORTRAN code was developed and used to implement the method of post processing of 
elastic deformations to obtain the total AS of elements including creep and shrinkage effects. 
These predictions were then compared with the results from the comprehensive method 
detailed in the previous sections of this paper. 
The implementation of the post processing method was conducted as follows: The elastic 
strain in each column at time t for construction stage at time t0,  𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑡, 𝑡0) at each time 
step can be obtained from the time history analysis with construction sequence modelling in 
ANSYS. The total strain in these elements at any given time can be written as, 
𝜀𝑡𝑜𝑡𝑎𝑙(𝑡, 𝑡0) = 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑡, 𝑡0) + 𝜀𝑐𝑟𝑒𝑒𝑝(𝑡, 𝑡0) + 𝜀𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒(𝑡)                                                           (10) 
17 
 
Where; ⁡ ⁡𝜀𝑡𝑜𝑡𝑎𝑙(𝑡, 𝑡0),⁡𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑡, 𝑡0),⁡𝜀𝑐𝑟𝑒𝑒𝑝(𝑡, 𝑡0) and 𝜀𝑠ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒(𝑡) are total, elastic, creep and 
shrinkage strains respectively for an element. 
These strains at any given time due to elastic, creep and shrinkage are evaluated using 
relevant expressions in EC2 (BSI 2004). The Age adjusted effective modulus method is given 
in Equation (11). 
𝜀𝑡𝑜𝑡𝑎𝑙(𝑡, 𝑡0) = 𝜎(𝑡)/Ee̅̅ ̅(t, t0) +  tcd +  tca    (11) 
Where; 𝜎 is the axially developed stress, 𝐸𝑒̅̅ ̅(𝑡, 𝑡0) is the age adjusted effective modulus as 
defined in Equations (3) to (6),  tcd  is the drying shrinkage as defined in Equation (8) while 
 tca  is the autogenous shrinkage given in Equation (9). 
The axial stress is obtained from⁡𝜎 = 𝐸(𝑡). 𝜀𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑡, 𝑡0)                                                                (12) 
The cumulative elastic, creep and shrinkage shortening of a single element ∆ℎ(𝑡𝑛),⁡can be 
written as:  
∆ℎ(𝑡𝑛) = 𝐿. 𝜀𝑡𝑜𝑡𝑎𝑙(𝑡, 𝑡0) (13) 
Where; L is the length of the element considered.  
All the elements below a considered level, affect the axial shortening of that particular level 
(n) relative to the foundation. The cumulative elastic, creep and shrinkage shortening of a 
column or shear wall on level (n) due to all elements below that level can be calculated using 
Equation (14). 
𝐻(𝑡𝑛) = ∑ ∆ℎ𝑗(𝑡𝑛)
𝑛
𝑗=1      (14) 
Equation (14) represents the axial shortening, 𝐻(𝑡𝑛) of the element at floor level n at time⁡𝑡.  
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In the discussion of results Case 1 refers to AS and DAS of the load bearing elements in the 
high rise building obtained by using the comprehensive method. Case 2 refers to the same 
obtained from the current simplified method of post processing the results of linear staged 
construction analysis. The only difference between these two methods is that in Method 2, the 
load redistribution and therefore the DAS balancing by outriggers is not considered for the 
creep and shrinkage deformations due to using post processing of elastic deformations to 
include creep and shrinkage. 
 
The AS values at each floor level for Columns A and C obtained by the two methods are 
given in Figures 15 and 16. The former gives the AS values at the end of construction and the 
latter shows these values at the end of 4500 days. As evident in Figure 15, Case 2 
overestimates the ASs and predicts a maximum AS of 52.76 mm for Column A and 49.16 
mm for Column C at the end of construction (441 days). Maximum AS values in Case 1 are 
42.16 mm for Column A and 39.47 mm for Column C. Therefore, the simplified method of 
post processing the elastic deformations results in maximum differences of 25% and 20% in 
the AS predictions of Columns A and C, respectively. This overestimation in the AS 
predictions in Case 2 is due to omitting the load migration occurring from columns in to the 
shear walls due to DAS resulting from creep and shrinkage. However, as evident in Figure 
16, by the end of 4500 days this difference is reduced due to the reversal of load migration 
when the AS increment rate in shear walls overtakes that of the columns and these effects 
being considered in Case 1. However, in different designs, where this load migration reversal 
may not be present, the simplified post processing method can lead to overestimations of AS 
with time for CFT columns which will be uneconomical. 
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The DASs between the structural frame components are given in Figures 17 and 18. As 
depicted in Figure 17, the DAS between Columns A and C predicted by both methods is 
similar in magnitude at the end of building construction (441 days). However, at the end of 
4500 days Case 2 using the post processing method under-estimates the DAS at level 51 by 
50% and indicates a negative value for the DAS at level 60 opposed to that of 4 mm in Case 
1. Similar trends are obtained for the DAS between Column A and Shear wall as shown in 
Figure 18. Here, the DAS at the end of construction was underestimated by a maximum of 
55% and at the end of 4500 days by a maximum of 71% when the simplified method in Case 
2 was used. 
 
Overall, it is evident from these results that very high deviations of predicted AS and DAS 
values are present between the post processing method and the actual behaviour of the high 
rise building modelled using the comprehensive technique. This is due to the simplified 
method not considering the dynamic nature of the load paths and load distributions 
introduced in the CFT building due to long term deformations from creep and shrinkage. 
Thus, these simplifications can end up in conservative or non-conservative designs both of 
which are not desirable as they can cost money or safety. 
 
Including effect of DAS on outrigger-belt system: Linear elastic analysis with or without 
staged construction for design of outrigger-belt system    
An outrigger- belt system is usually designed for the moments and shear forces obtained by 
linear elastic analysis under the critical factored combinations of static loading. Commonly, 
construction sequence is not considered in this analysis. To investigate the accuracy of these 
analysis methods, the predicted stress developments in outrigger-belt system using these 
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methods are investigated and compared with that from the comprehensive method previously 
detailed. Method 1 refers to the stresses obtained using the comprehensive method without 
applying factors of safety to the loads. Methods 2 and 3 are linear elastic analysis methods of 
the structure in which dead and live loads with factors of 1.2 and 1.5, respectively are applied 
to the high rise building. In Method 2, the effect of construction sequence is incorporated 
while Method 3 is without the construction sequence modelling. 
 
Figure 19 depicts the stresses in the top outrigger obtained by the three methods. Where (a), 
(b) and (c) present these results from Methods 1, 2 and 3 respectively. Table 5 summarises 
the XX direction stresses obtained by Method 1 and Method 2 at the end of outrigger-belt 
construction time and Table 6 shows the same components obtained by all three methods at 
the end of 4500 days. Tables 7 and 8 tabulate the XY directional stresses (shear) in the 
outrigger-belt system at the end of the outrigger-belt construction and after 4500 days.  
 
Table 5 shows that Method 2 always gives lower values for the XX stresses in the outrigger-
belt system just after construction of these elements. This is because of neglecting the DAS 
due to creep and shrinkage at the time of construction when estimating these stresses in 
Method 2. As evident in Table 6, for bottom outrigger and belt walls both Methods 2 and 3 
have resulted in underestimations of outrigger and belt tensile stresses since the long term 
effects and the interaction of outrigger-belt system with these deformations are not accurately 
considered. This can lead to unsafe designs. Method 3 does not consider the construction 
stages or concrete levelling effects and therefore overestimates the AS of the column and 
shear wall components which accumulate over the height; the top outrigger-belt stresses were 
predicted to be almost double that in the bottom outrigger structure. This is conflicting with 
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the trends observed using Method 1, where a significant variation of stresses in the two 
outriggers and belt levels was not observed. As evident in Table 8, the XY stresses (shear) in 
both the outrigger and belt walls are underestimated by Methods 2 and 3 even with the load 
factors considered.  
 
Overall, due to the errors in predicted AS shortening values at vertical supports of outrigger-
belt systems when using the linear elastic analysis methods with (Method 2) or without 
(Method 3) considering construction sequence and concrete levelling, bottom outrigger 
stresses can be underestimated leading to unsafe designs. Method 3 which is the linear elastic 
one step analysis can lead to conservative designs of top outrigger- belt walls. These 
demonstrate the impact of Case 1 where all influencing factors are considered along with the 
interaction of outrigger-belt system with the structural frame for DAS predictions in a high 
rise building with CFT columns. DAS predictions otherwise may lead to costly or unsafe 
designs. 
 
Effect of delayed connection of outrigger to perimeter columns 
Delayed connection of outrigger to the perimeter columns is a common method used in high 
rise construction to mitigate the high transfer stresses developed in outrigger- belt systems 
due to DAS in the structural frame elements. However, this method also imposes a risk on the 
structure since adverse lateral loading incidents can occur during construction of the building 
(Moragaspitiya 2011). It is therefore recommended to select the minimum delay for the 
connection time which also results in an acceptable stress levels in the outrigger-belt system 
due to the DAS of support elements taking place after the outrigger connection. Another 
alternative is to design the outrigger-belt system for the combination of this stress increment 
due to DAS and the lateral load resistance requirements without delayed connections. For 
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both these options it is essential to investigate how the stresses in the outrigger system vary 
with different delayed connection times. A parametric study for this purpose is conducted 
using the comprehensive method previously developed. 
Five cases of delayed connection are considered. In Case 1, the connection of outrigger to 
columns is established at the time of construction of these elements. Case 6 is for connection 
of both top and bottom outriggers to the perimeter columns after building top up (end of 
construction). Cases 2 - 5 are for connection time delays of 14, 21, 28 and 35 days 
respectively after the construction of each outrigger-belt level. To disconnect the outrigger 
from the perimeter columns in the FE model, the elements at that joint are deactivated using 
‘EKILL’ command in ANSYS and activated at the corresponding delayed time using 
‘EALIVE’ command.  
Figure 20 presents the variations of stresses in the top outrigger with the different delayed 
connection time cases considered; where (a) is the maximum Compressive stress in XX 
direction, (b) the maximum tensile stress in XX direction and (c) is the maximum shear stress 
(XY). In both outriggers the XX directional stresses and XY directional stresses reduce with 
increasing delay time for establishing the connection between outrigger and the perimeter 
columns. As shown in Figure 20, there is a decrease of 20% in maximum compressive stress 
and of 6% in maximum tensile stress in XX direction for top outrigger from Cases 1 to 6. 
Also there is a 15% decrease in the shear (XY directional) stresses for this outrigger from no 
delay in connection (Case 1) to Case 6 where both outriggers are connected to the columns 
only at the end of construction. As shown in both these figures, the maximum stresses 
significantly reduce for a delay of 14 days due to the rapid creep and shrinkage developments 
experienced in CFT elements. Thereafter the change in stresses with the increase in delay of 
outrigger connection results in minor decrease. From Case 5 to Case 6 although there is a 
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steep gradient in these graphs, these changes occur during a longer time span than the other 
cases since Case 6 is the case of connecting both outriggers at the end of construction. 
Therefore, for this type of CFT buildings a connection delay of two weeks may reduce the 
stresses developed in outrigger walls by about 15-20%. Similar trends are present for the 
stresses in bottom outrigger walls.  
 
Overall, a small delay from the time of construction of outrigger-belt systems to the 
connection of these outrigger walls to the perimeter columns can results in significant 
reductions in the stresses developed in these systems due to DAS. Thus delaying the 
connection of outrigger by a long time may not be necessary. Sensitivity analysis such as 
conducted here using the comprehensive method can be used to determine the optimum 
connection time of the outrigger to the perimeter columns. 
 
Conclusions 
This paper studies the interaction of outrigger-belt systems with the structural frame 
undergoing Differential Axial Shortening (DAS) in a high rise building with CFT columns. 
This study applied a comprehensive method which includes the effects of all the controlling 
factors along with validates FE models. It was found the DAS between structural components 
is significantly reduced when outrigger-belt systems are present, hence they can be used as a 
mechanism to control/suppress DAS in high rise buildings. Also a change of about ±8% in 
the location of the outrigger-belt system along the height of the building can result in about 
25% reduction in the maximum DAS values. This indicates the possibility of using the 
location of outrigger-belt system to control the DAS.  
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Significant differences were observed between the DAS values predicted by existing post 
processing method and the comprehensive method used in this paper where all influencing 
factors are considered. Existing simplified approaches fail to consider the load redistribution 
in the CFT building due to long term deformations and outrigger-belt interaction with the 
structural frame resulting from these deformations.  
 
The stresses in the outriggers are aggravated due to DAS and it is essential to consider these 
stresses in the design stage. Using the existing linear elastic analysis methods without 
considering the long term effects and construction stages can lead to non-conservative design 
of the bottom outriggers and uneconomical and conservative designs of the top outriggers.  
 
A sensitivity analysis was conducted to investigate the effects of the connection time in 
delayed connection of outrigger-belt system to the perimeter columns. A small delay in time 
(in this case 14 days) of connection of these outrigger walls to the perimeter columns can 
result in significant reductions in the stresses developed in the outrigger-belt system due to 
DAS. Thus delaying the connection of outrigger by a long time may not be necessary. 
The findings of this paper will provide designers and engineers some guidance on the effects 
of outrigger-belt systems and their interaction with the DASs in composite high rise 
buildings. They can be used to evaluate the feasibility of different methods related to 
outrigger-belt systems to mitigate DAS between load bearing elements in a CFT building and 
its adverse effects. 
 
 
25 
 
Acknowledgement 
The authors thankfully acknowledge the financial support by Queensland University of 
Technology and support by the High Performance Computing & Research Support Group, 
GP Campus, QUT.  
 
 
References 
ANSYS Inc. (2010). Theory reference for the mechanical APDL and mechanical 
applications, release 13.0. USA. 
 
Bažant, Z.P., and Baweja, S. (2000). "Creep and shrinkage prediction model for analysis and 
design of concrete structures: Model B3". ACI Special Publications 194: 1-84. 
 
BSI (British Standards Institution). (2004). “Design of Concrete Structures, part 1-1: 
General Rules and Rules for Buildings” Eurocode 2. 
 
Choi, H. S., Ho, G., Joseph, L., and Mathias, N. (2012). Outrigger design for high-rise 
buildings, Council on Tall Buildings and Urban Habitat, Chicago. 
 
Fawzia, S., and Fatima, T. (2010). "Deflection control in composite building by using belt 
truss and outriggers system". Proc., 2010 World Academy of Science, Engineering and 
Technology conference, Singapore, 25-27. 
 
26 
 
Geng, Y., Ranzi, G., Wang, Y., and Zhang, S. (2012). "Time-dependent behaviour of 
concrete-filled steel tubular columns: analytical and comparative study." Magazine of 
Concrete Research 64 (1): 55-69. 
 
Kwon, S.H., Kim, Y.Y., and Kim, J.K. (2005). "Long-term behaviour under axial service 
loads of circular columns made from concrete filled steel tubes". Magazine of Concrete 
Research 57 (2), 87-99. 
 
Moragaspitiya, P.H.N. (2011). "Interactive axial shortening of columns and walls in high rise 
buildings". PhD Thesis, Queensland University of Technology, Australia. 
 
Morino, S., Kawaguchi, J., and Cao, Z.S. (1996). "Creep behavior of concrete-filled steel 
tubular members". Proc., Engineering Foundation Conference on Steel-Concrete Composite 
Construction III, American Society of Civil Engineers, Germany, 514-525.  
 
Taranath B.S. (2009). Reinforced concrete design of tall buildings, CRC press, Boca Raton. 
 
Tianyi, Y., and Tong, X. (2007). “Differential column shortening effects in typical medium-
to high-rise buildings”. In New Horizons and Better Practices, edited by ASCE structures 
congress, 1-10. 
 
 
 
 
 
 
 
 
 
27 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. High rise building (a) Isometric View and (b) Plan View 
Fig. 2. Modelling concrete levelling effect 
Fig. 3. Axial shortening of CFT column in (a) Morino et al. (1996) and in (b) Kwon et al. 
(2005) 
Fig. 4. Stress variations in steel and concrete with time in column (a) specimen C-120-2.3 in 
Morino et al. (1996) and (b) Kwon et al. (2005) 
Fig. 5. FE models of high rise building for different cases (a) Case 1- shear walls with 
outrigger- belt system (b) Case 2- shear walls with outrigger (c) Case 3- shear wall system 
Fig. 6. Axial shortening of vertical load bearing elements (a) at the end of construction, (b) at 
4500 days from start of construction for Case 1 
Fig. 7. Axial shortening of vertical load bearing elements (a) at the end of construction, (b) at 
4500 days from start of construction for Case 2 
Fig. 8. Axial shortening of vertical load bearing elements (a) at the end of construction, (b) at 
4500 days from start of construction for Case 3 
Fig. 9.  DAS (a) between Columns A and C, (b) between Column A and shear wall at B at 
end of construction 
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Fig. 10. DAS (a) between Columns A and C, (b) between Column A and shear wall at B at 
end of 4500 days 
Fig. 11. DAS between Columns A and C when outrigger-belt system is moved up the 
building 
Fig. 12. DAS between Column A and Shear wall when outrigger-belt system is moved up the 
building 
Fig. 13. DAS between Columns A and C when outrigger-belt system is moved down the 
building 
Fig. 14. DAS between Column A and shear wall for outrigger-belt system moved down the 
building 
Fig. 15. Axial shortenings in columns at the end of construction 
Fig. 16. Axial shortening in columns by the end of 4500 days 
Fig. 17. DAS between Column A and C using both methods 
Fig. 18. DAS between Column A and shear wall at point B using both methods 
Fig. 19. XX directional (bending mainly) stresses in the top outrigger at the end of 4500 days 
for (a) Method 1 (b) Method 2 and (c) Method 3 in kN/m
2 
Fig. 20. Maximum (a) Compressive stress in XX direction (b) tensile stress in XX direction 
and (c) shear stress (XY) in top outrigger 
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Fig. 5.  
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Fig. 7.  
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Fig. 24.  
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Fig. 126.  
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Fig. 272.  
 
 
 
 
Fig. 283.  
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Fig. 294.  
 
 
 
Fig. 305.  
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Fig. 316.  
 
 
Fig. 327.  
 
0
10
20
30
40
50
60
0 10 20 30 40 50 60 70
St
o
ry
 N
u
m
b
e
r 
Axial Shortening (mm) 
Column A_Case 1 Column C_Case 1
Column A_Case 2 Column C_Case 2
0
10
20
30
40
50
60
-5 0 5 10
St
o
ry
 N
u
m
b
e
r 
 
Differential Axial shortening mm 
End of construction_Case 1 4500 days_Case 1
End of construction_Case 2 4500 days_Case 2
37 
 
 
 
 
Fig. 338.  
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Fig. 349. 
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Fig. 20.  
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